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2 .
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page 23 - footnote, should read "See page 69 "
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PRE F ACE
During the study of literature presenting the results
of fatigue tests on structural steel weldments, it was noted
that, although much material was available from many sources,
nowhere were the tests of interest to structural engineers pre-
sented under a single cover. It was also seen that no one
standard system of symbols or definitions was used exclusively.
This literature survey is a humble attempt to summarize the
available literature in a palatable form for practicing en-
gineers and researchers. Whenev~r possible, symbols and
nomenclature for fatigue testing follow those recommended by
Committee E-9, American Society for Testing and Materials.
The author wishes to acknowledge the efforts of those
people who made this report pOS$~ble. The report is sponsored
by the United States Steel Corporation. Professor Samuel J.
Errera and Mr. Conrad P. Heins, Jr. were most constructive with
their critical review of the manuscript. Many thanks are due
to Mrs. Dorothy Fielding whose careful typing and helpful sug-
gestions aided the preparation of this report. Appreciation
must also be expressed to Mr. Richard Sopko and Mr. Stanley
Gawlik who drew the figures without which the report would be
meaningless.
i
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I I N T ROD lie T ION
To be satisfactory, a machine or structure must be able to
perform its intended functions? have an adequate service life, and
be economical in production or fabrication. The first and third
attributes are, in most cases, amenable to accurate analysis in
the design st~ge, but the adequacy of service life can only be
approximated. The useful life of a structure or machine subjected
to alternating loads can be shortened considerably by the fracture
phenomenon known as fatigue,
1. EARLY TESTS
The earliest fatigue studies on record appear to have been
1 2
made in 1829 in Germany by Albert ' who proof-tested mine-hoist
3
chain links by repeated bending. In 1843, Rankine, recognizing
the characteristics of fatigue fracture, warned of "sharp angles"
in machine parts. During this period, railways were expanding and
-1
.'
questions were raised on the effect of repeated loads on bridges,
rails, and axles. In Great Britain, Hodgkinson2 , 1849, and Fair-
bairn l ,2,3, 1864, studied cast-iron and wrought-iron bars and built-
up sections subjected to cyclic loads. Fairbairn based criteria of
1 Superscripts indicate references in the Bibliography.
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safety against fatigue failure on the ratio of the working deflection
4to the deflection of the ultimate load. Trautwine stated, '~s
the result of a long continued series of deflectio~s applied to an
experimental plate girder, Mr. Fairbairn concludes that a bridge sub-
ject to 100 deflections per day, each produced by one-third of its
extraneous breaking load, would probably break down in about eight
years, while, with 100 daily deflections equal to that arising from
but one-quarter of its breaking load, it would last fully 300 years".
"2. WOHLER'S STUDIES
The French Government appointed a commission in 1852 to inves-
tigate the service deterioration of railway axles and in the same year,
W~hlerl,2,3, a railway engineer in Low~r Silesia, initiated his now-
famous experiments on axles. These tests were quite comprehensive,
including repeated torsion, bending, and direct stress. W8hler's
quantitative results are obsolete but his general conclusions are still
validl :
a. Wrought-iron and steel will fracture at a unit
stress not only less than their ultimate static
strength but even less than their elastic limit
if the stress is repeated a sufficient number of
times.
b. Within certain limits, the range of stress rather
than the maximum stress determines the stress-
cycles necessary for fracture.
-.,
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c. For a given minumum or maximum unit stress, there
appears to be a limiting stress range which may
be applied indefinitely without producing fracture.
-3
,
d. As the maximum applied unit stress increases, this
limiting range of stress decreases.
e. Sudden changes in diameter or sharp angles reduce
the strength by an amount depending on the material.
Wohler's results were confirmed by Spangenberg, Baker, and
Baushinger l ,2,3,5.
3. EARLY CONSIDERATIONS OF FATIGUE IN THE UNITED STATES
_What impact did these studies of fatigue have on the rapid ex-
pansion of railroads in the United States? In defense of the substi-
tution of steel for wrought-iron in the St. Louis (Eads) Bridge by
Cooper6 and in 'the ensuing discussion6 , it was noted that under vi-
bration, steel will fail due to surface or internal defects and a
IIsudden change in section is ruinous II. The only mention of the word
7
'fatigue' in this paper was made by Sellers who felt that the fatigue
properties of steel should be measured in reversed bending produced
by heavy blows.
During the latter half of the nineteenth century, however,
much controversy, centered around the work of W8hler and the Launhardt-
Weyrauch fatigue formula, arose among American bridge engineers. Many
railroads and other organizations recognized the results of WBhler's
tests and incorporated them in some form of the Launhardt-Weyrauch
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f~rmulal,8,9*. CleemannlO said, in reference to members subject to
stress reversal, liThe experiments of WBhler tend to confirm the cor-
rectness of an American practice, •.. a piece should be proportioned
to resist the maximum amount of compression; and should hav~, in ad~
dit;i.on, sufficient material to resist the maximum tension". In the
other camp, Cooperll did not acceptWBhler's findings and branded the
term 'fatigue of metals' as "absurd and unscientific . . • whereby a
metal broke when subjected toll a repeated stress range of one-half the
elastic limit in compression to one-half the elastic limit in tension.
This was IItotally at variance with the acceptance of perfect elas~
ticity of metals". He believed that WBhler's elastic limit for the
materials tested was incorrect and the true elastic limit, defined by
Baushinger's 'natural elastic limit'=, was e~ceeded in these tests
thus precipitating failure. In later papers9 ,12, Lindenthal, Waddell
and others felt that concern for fatigue in bridge design was needless
since the working stresses were far below the elastic limit, the number
of stress cycles were only a few million and, besides, the consideration
of impact effects raised the safety factor.
*Probably first used by the Pennsylvania RR.
allowable stress = a (1 + min. stress/max. stress)
where a is a material constant. (See references 1,8,9.)
=Practically, Baushinger's 'natural elastic limit' and tre
modern 'fatigue limit' m~y be regarded as synonomous .
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4. METALLURGICAL FOUNDATIONS OF FATIGUE
At the beginning of the twentieth century, 'Ewing and Rosen-
hainl ,2,3,13 discovered the formation of slip-bands while studying
fatigue mechanisms with a metallurgical microscope. They observed
that, under sufficient stress, the crystals of a metal yielded by
slipping on certain glide planes within the crystal. Under cyclic
1 2 3 13
stress, Ewing and Humfrey' " found that slip-lines on a few
crystals were produced after a small number of cycles. With an in-
crease in the number of cycles, additional slip bands appeared and the
original ones broadened, a process that continued with increasing cyclic
repetition. At a certain stage, actual cracks opened up along some of
the broadened slip bands. These cracks occurred first in single
crystals, but soon spread until they joined and formed a continuous
crack across the specimen's surface. Only a few additional stress
cycles were required to produce fracture. Ewing and Humfrey believed
that repeated sliding and grinding of the slipping surfaces caused
jagged, irregular edges which resulted in an accumulation of debris
between the surfaces. This destroyed the cohesion of the crystal on
the slip surfaces and initiated a crack. The stress concentration at
the ends of the crack caused its propagation.
In 1900, Gilchrist2 reviewed W8hler's results and presented the
hypothesis that a fatigue crack began at an irregularity or discontin-
uity in the interior or on the surface of a metal where localized
stresses exceeded the breaking strength of the metal.
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Reporting on fatigue tests of axle steel in 1910, Bairstowl ,13,
..
demonstrated the existence of 'hysteresis of elastic deformations'
during cyclic loading. When the maximum stresses were greater than a
certain value, the width of the hysteresis loop and the permanent set
increased with an increase in number of cycles. This phenomenon is
illustrated in Figure 1.
Writing in 1909, Guillet2 suggested that the measurement of in-
ternal damping in a metal might detect the imminence of fracture. How-
2
ever, Boudouard , in 1910, found that the periodic time of oscillations
remained the same up to a few moments before fracture.
5. EMPIRICAL FATIGUE EQUATION
Basquin3 ,14, in 1910, presented the formula
S = k N-m
where S is the maximum computed unit stress in the test specimen,
N is the number of cycles to fracture and k and m are constants
depending on the material and the type of test. ~his formula fitted
existing (then) data rather well or, in cases of disagreement, erred
on the safe side.
6. FATIGUE IN THE lWENTIETH CENTURY
13Prichard's paper ,1916, reviewing the work of Ewing, Humfrey,
Stanton, Bairstow and others, concluded that fatigue could be ignored
as long as the quality of the material was good,the stresses were not
reversed during the stress cycle, and the stresses were below the elastic
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limit. He also pointed out that fatigue test results were not applicable
to. bridge design since the actual application of stresses were not re-
peated constantly, but were separated by intervals of rest. In the fol-
13lowing discussion, Stanton warned that the repeated variation of
stress from zero to an upper limit was only a particular case of cy-
clical stress variations and the safe range of stress under such a
condition was appreciably less than in the case of complete reversal.
During the 1914-18 War, fatigue did not seem to be a problem
in aircraft, but during the interwar years, as metal replaced woad in
airframes, the effects of repeated stresses became the subject of in-
creased studies. The 1939-45 War stimulated the studies of fatigue,
15
especially in the aircraft industry. In Britain, investigations of
the Wellington Bomber and the Typhoon Fighter found that stress concen-
trations and high initial tensile stresses due to the method of manu-
facture combined to produce fatigue failure. The 1954 failures of the
De Haviland comet16 demonstrated that fatigue failure is still a con-
siderable problem in aircraft design.
Fatigue, particularly of metals, has been the subject of count-
less papers and several books in the last half-century. In 1926, Gough
17published a book on metal fatigue based largely on the research done
in Britain's National Physical Laboratory. Moore and Kommers published
1
their book in 1927 summarizing the state of knowledge on fatigue up to
that time. (This book covered.wood and concrete as well as metal.)
The first edition of Cazaud's book2 was published in 1937 and, in 1941,
a manual 18 on prevention of metal fatigue was prepared by the Battelle
284
Memorial Institute for the Bureau of Aeronautics, United States Navy.
In 1954, at the request of the Navy Department, the Battelle Institute
-8
updated this manual with a summary of fatigue studies since 1941. This
work was, in turn, revised in 1960 19 •
In 1946, the ASTM held the first of its many symposiums on
20,21,22
fatigue. These symposiums have been the source of many publications
23 24A manual on fatigue testing, 1949, and its supplement ,1958, have also
Since the 1939-45 War, symposiums, both in the United States and
abroad have led to the publication of many books compiling the papers
presented. The proceedings of a symposium held in 1946 at the University
26
of Melbourne were published in book form in 1947. Murray edited a
smyposium27 held at Massachusetts Institute of Technology in 1950 and
Sines and Waisman were co-editors of a com~ilation28 of material presented
in 1953 at the University of California. Upon request of the Inter-
national Union of Theoretical and Applied Mechanics, the Swedish National
Committee for Mechanics organized a colloquium on fatigue in 1955 and
some of the papers were published in 195629 . An outgrowth of a week's
residential course on metal fatigue held at Nottingham University was
15
a book edited by Pope in 1959. The mechanisms of fracture, including
30fatigue, were reviewed by Averbach, Felbeck, Hahn, and Thomas who
edited the proceedings of an international conference on the atomic
mechanisms of fracture convened in 1959 at SWampscott, Massachusetts.
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The extensive bibliographies contained in the above mentioned
publications will give the reader an almost inexhaustible "mine" of
reference material on existing theory and research in the field of
fatigue,
. .
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II T HE 0 R I E S 0 F FAT I G U E F A I L U R E
1. EARLY THEORIES
During the latter part of the nineteenth century, the sup-
-10
position that fatigue failure was the result of a general deterioration
of a metal stressed repeatedly was replaced by the notion of "micrp-
31flaws". Micro-flaws were incipient defects in an otherwise homo-
genious material, which gradually extended their weakening influence
until rupture occurred. Still accepting the homogeneity of a material,
B . 1,2,13 B h' b f h' d h 1 ia1rstow , as aus 1nger e are 1m, state t at a ternat ng
stresses would raise the elastic limit. Bairstow also believed that
the fatigue limit was the upper limit of alternating. stress for which
the stress-strain curve remained a straight line. If hysteresis oc-
curred, the area bounded by the hysteresi$ loop increased continually
until fatigue fracture occurred.
2. THEORY OF MOLECULAR SLIP
The theory of molecular slip was first stated by Ewing and
Humfreyl,2,30,32, As was mentioned previously, they found that the
number of slip bands increased with the number of stress applications
and fracture occurred when slip bands covered the entire crystal. The
process of fatigue was now thought to be a progressive slipping along
crystal planes where metal. was the least homogeneous. Mesnager2 , sup-
pprting this argument, added that under prolonged alternating stresses,
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debris from crystals became interposed between cleavage planes causing
separation of the surfaces. If the number of separated surfaces be-
came sufficiently great, fracture occurred. The notion of regions of
inhomogeneity was strengthened by Griffithl ,2,33 who concluded that
the actual strength of a body was less than the strength it ought to
possess, by virtue of molecular attraction, because of minute defects
throughout the body.
3, LIM!TING STRAIN - ENERGY THEORY
2In 1919, Haigh presented a theory of limiting strain energy
which stated that elastic failure occurred when the strain energy ex-
ceeded a certain value. Haigh also established an analogy between the
fatigue phenomenon and a heat engine with large thermal losses. He be-
lieved that slip was a consequence of phase change - from crystalline
t h not l.'ts d b Bel.' lby2,25,34o amorp ous - cause as suppose y Under re-
peated stress, the double phenomenon of crystallization and decrystal-
lization occurred and, since the change of state was associated with a
slipping movement opposed by internal friction, this phenomenon was not
thermodynamically reversible. This produced the hysteresis cycle due
to the work done on the specimen by the external loads, If the working
stress were less than the fracture stress, the two phenomena compensated
each other and atoms were alternately displaced from, and replaced in,
the crystal lattice. If the working stress exceeded a certain value,
simultaneous displacement of a large number of neighboring atoms pre-
vented the atoms from returning to their former locations and voids
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were formed which eventually became cracks. Thus crystallization and
decrystallization no longer compensated each other but produced additive
resultant effects.
4. SLIP AND STRAIN HARDENING
Gough and Hansonl ,2,15,26,35 examined the development of slip
bands in the polished surface of Armco iron. They concluded that
failure under repeated stresses did not differ essentially from static
failure and that, below the elastic limit, slip occurred at some point
of high local stress. Metal in the vicinity of a slip plane was im-
mediately strain hardened by this action and further slip at this point
would occur only if the applied stress were increased. As the stress
oscillated, the number of slip bands increased but if the stress were
less than a certain value, the slip bands ceased to spread and failure
was avoided. According to Gough and Hanson, the fatigue limit depended
upon the strain hardening capacity and that understressing would raise
the fatigue limit (as predicted by Bauschinger and Bairstow). Subse-
quent investigators 2 confirmed the phenomenon of strain hardening ac-
companying slip band formation. 15 26 36 .Gough and Wood ' , , uS1ng X-ray
-.
techniques, examined the deformation and breakdown of crystal structure
due to fracture induced by static and by cyclic stresses. They learned
that the mode of deformation and degree of lattice distortion and or-
ientation leading to cyclic failure are the same as those leading to
static failure in ferrous metals. However, the lattice distortions are
localized under cyclic loadin~ and are distributed rather uniformly
under static loads. Using an electron microscope, Craig37 also found
284 -13
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that deformation during repeated loading was an extremely localized
phenomenon. It is interesting to note that Forsyth15 ,30 discovered an
additional difference between statically and cyclically produced de-
formations. Studying aluminum under alternating stresses, he found
that metal was exuded from the slip planes and the subsequent fatigue
crack followed the lines of extrusion.
5. OROWAN 's STRAIN HARDENING THEORY
A simplified theory of fatigue behavior was presented by
Orowan2 ,15,19,38 in 1939. He regarded imperfections such as inclusions
and crystal lattice imperfections as stress raisers in the metal and
represented them as an equivalent crack. Assuming the absence of the
Baushinger effect and that the stress concentration effects of a crack
were equal in tension and compression, he constructed a mathematical
model, Figure 2, to examine the action of one of these equivalent
cracks within an elastic body. In the model, the elastic' portion of
the metal was represented by a strong elastic spring A of stiffness K.
In parallel were a weak spring B of stiffness K, representing the
elastic region around the root of the crack, and a plastic body C of
strength.J), representing the plastic region at the crack root. The
weak spring B signified the stress concentration at the root of the
crack that magnified the mean stress, in essence, a reduced elastic
modulus. Orowan also assumed that the plastic body could strain-harden
and, by a graphic construction, demonstrated that the plastic deforma-
tion occurring during successive stress cycles diminished in a geometric
progression so that the total deformation for an infinite number of
,
,
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cycles was always limited. However, if the load P was large enough,
this limit could exceed the deformati.on causing rupture and a crack would
be initiated. Orowan showed that this theory resulted in a relation be-
tween applied stress and stress reversals to fracture similar to the well-
known S-N Curve.
6. DEHLINGER'S THEORY
A fatigue theory by Dehlinger2 ,26 suggested that elastic and
plastic deformations of some crystals near the surface of a body sub-
jected to cyclic stresses became so great that the grains worked their
way to the surface where the internal stresses were relieved. This was
borne out by X-ray investigations of Kochendorfer 26 . A crack was formed
when a crystal worked its way through between two neighbors and the sur-
face energy required to propagate the crack was supplied by the relief
of elastic energy during this process. Both Honeycombe and Boas 26 crit-
icized this theory on the basis of other experimental evidence.
7. A STATISTICAL THEORY OF FATIGUE
2 26In 1940, a Russian, Afanasev' , presented a statistical theory
of fatigue failure. He calculated the probability of the presence,
side by side, of a sufficient number of grains having a stress greater
than the cohesive strength of the metal. The fatigue limit was then
given as a function of the number of stress cycles.
" .
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8. RECENT THOUGHTS ON MECHANISMS OF FATIGUE
Dolan39 ,40, reviewing the electron micrograph and X-ray studies
of Craig, Love and Forsyth, summarized their findings:
a. Although some slip is produced during each stress
cycle, a large number of slip bands form by an
'avalanche' process during the first few cycles;
minute fatigue cracks can be detected at an ex-
tremely early stage of the fatigue process.
b. The higher the frequency of stressing, the more
dense the grouping of slip bands in isolated
striations.
c. The higher the frequency of stressing, the less
the initial deformation and the more complete
the recovery of lattice distortions.
d. At high frequencies, it appeared that the slip
bands experienced a rise in temperature.
Dolan concluded that fatigue cracking may not be caused primarily by
work hardening and embrittlement but that "a progressive piling up of
an avalanche of disruptions accompanied by localized heating sets up a
chain reaction which leads to local fragmentation without embrittlement
of neighboring zones 11. Dolan characterized the fatigue process by
three stages. During the first stage, the slip and fragmentation of
crystals are accompanied by work hardening. Submicroscopic cracks due
to the disruption of the crystalline lattice occu~ in stage two. The
submicroscopic cracks, during stage three, join to form visible spreading
, .
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cracks causiqg failure. The first stage, during which a relatively high
rate of hardening of the metal accompanies microscopic plastic flow and
dissipation of heat is of very short duration. The second stage, ex~.
tending over the greater part of the fatigue process, is not accompanied
by significant hardness changes. The third stage is relatively short
and the initiation of visible cracks is accompanied by a rapid increase
in heating. The majority of the slip bands are formed during the first
stage.
Wood4l ,42 reviewed the main theories of fatigue fracture in the
light of recent basic experimental studies. He pointed out that the
fatigue phenomenon consists of two different mechanisms: a delayed
static fracture mechanism (H) which has been treated by most investi-
gators, and a general structural deterioration (F), see Figure 3.
In the H-mechanism, the large stress amplitudes cause high internal
stresses, considerable strain hardening, and a very small amount of
total plastic strain. The ensuing coarse slip, similar to that pro-
duced by a static test, results in a delayed static fracture. On the
other hand, the F-mechanism, with low stress amplitudes, causes ab-
normally large amounts of total plastic strain with little strain
hardening resulting in fine slip and a structural deterioration leading
to fracture. Wood illustrated this deterioration by micrographs.
After 1000 or so cycles, slip zones appeared at the surface and developed
a notch or irregular contour. These surface disturbances seemed to pen-
etrate active slip zones early in the fatigue process and turn them
into sharp fissures. These fissures eventually loosened neighboring
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blocks of metal permitting them to move relative to one another. In the
final stage, a crack formed at one fissure and traversed a grain by
jumping from one fissure to the next.
9. PREDICTIONS OF FATIGUE LIFE
The prediction of the actual fatigue life of a specimen or
structural member based on the propagation of fatigue cracks has long
43
been a problem of great interest. Shanley assumed that the rate of
growth of a fatigue crack was proportional to the depth of the crack
and presented the equation
that agreed rather well with experimental measurements of crack growth.
In the equation, ho is the depth of crack at failure, N ~s the
number of cycles at failure, a is the maximum stress in, a completely
reversed cycle, and'A, C, and x are experim~ntally determined constants.
44 45 ~ 47DeForest ,Illg ,Langer46 , and Paris, Gomez and Anderson have
studied the propagation of fatigue cracks to investigate the possibility
of predicting fatigue life. To determine the inspection interval of
aircraft, Illg developed a semiempirical expression for the prediction
of crack propagation rates under constant amplitude loading. Paris,
Gomez and Anderson showed that the growth of a crack from an initial
imperfection to a critical size might be described by a single rational
theory. Having determined the crack-extension rate tor a given ma-
terial from experiments, the crack history of a structure was generated
by integrating the differential equation
da
= f(~,a,N,K)
~
a
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where a is the crack half-length, N is the number of cycles, J3
-18
is the ratio of maximum to minimum load during a cycle, and K is the
stress intensity factor at the crack-tip determined analytically.
Investigating low cycle fatigue by means of constant strain
amplitude tests, Tavernelli and Coffin48 plotted the logarithm of
plastic strain amplitude versus the logarithm of number of cycles to
failure showing that the data fell on a straigh~ line. Coffin49 ex-
pressed this relationship by
where N is the cycles to failure, ep is the plastic strain range
and c is related to the reduction in area by
c = l log 100 - i~.A.
2 100
Pursuing these relationships, an ASME task group suggested a low-
1 f . . 50cyc e at1gue equat10n
Ec
S = 2N 1,2.. + Se
where S is predicted stress amplitude comparable to E t;e, E is the
.
modulus of elasticity, e/2 is the total strain amplitude, c is as
defined above, N is the number of cycles to failure, and Se is the
fatigue limit. Tavernelli and Coffin50 compared this predicted S-N
relationship with the fatigue tests on twelve structural materials and
found "satisfactory" correlation up to 105 cycles. One of these com-
parisons is shown in Figure 4, The actual tests were made during plastic
51*fatigue studies on "T-l" steel by Gross and Stout .
-------------------------------
*See page 56 for a description of these tests.
284 -19
10. CUMULATIVE DAMAGE THEORIES
An attempt to predict the fatigue of a specimen or member under
a load spectrum of varying amplitude led Miner 52 to present (1945) his
hypothesis of cumulative damage:
mL,~.' n2. +-+Nt N2
i = 1
...~\= 1
Nm ]
with varied results.
where ni is the cycles of load applied and Ni is the fatigue life at
load amplitude i. Miner assumed:
a. No work hardening.
b. The inceptio~ of a crack constitutes failure.
c. The ratio of maximum to minimum stress is expressed
**by a straight-line modified Goodman diagram
Testing 24 S-T (Alclad) sheet specimens, Miner found that the cycle
ratio, [, n/N, varied from 0 .• 61 to 1.45 with an average of 0.98 for one
set of specimens and from 0.80 to 1.49 with an average of 1.05 for
another set.
Many experimenters have attempted to verify Miner's hypothesis
53
Richart and Newmark tested large specimens of
steel and found the cycle ratio varying from 0.72 to 2.11 with an average
of 1.07. Testing small steel specimens, they found the cycle ratio
varying from 0.69 to 2.20 with an average of 1.02. Dolan, Richart and
Work54 tested rotating beams, both notched and unnotched, of heat-
treated and alloy steels and aluminum and found the cycle ratio varying
from 0.18 to 23.
**See page 22.
55Marco and Starkey tested steel and aluminum alloys
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under ascending and descending load spectrumso The results are listed
below:
Alloy Load Spectrum Average [n/N
Steel Ascending 1.12
Descending 0.73
Aluminum Ascending 1.48
Descending 0.77
Again testing 24 S-T Alclad strips, unnotched, notched, and single-lap
riveted joints, Plantema56 found that deviations from Miner's hypothesis
depended upon the type of specimen, load sequence and mean stress. Smith57
tested 24 S-T3 aluminum alloy tensile specimens with a circular hole in
the test section. The load spectrum consisted of two levels and re-
sulted in a cycle ratio varying from 1.45 to 1.57. In later tests,
Smith58 used similar specimens and obtai~ed a cycle ratio of 4.9. How-
ever, when a single application of the highest load in the spectrum
(sufficient to cause plastic flow) preceeded the fatigue tests, an
average cycle ratio of 1.8 was developed.
In the light of the research by others, Miner 59 reviewed his
hypothesis in 1959 and stated that ~ n/N = 1 will yield safe results
if values for N are taken on the low side of ~he scatter band of the
S-N curve and that aluminum alloys agreed more favorably than steel
with the hypothesis. He concluded that a random load spectrum with a
number of different load levels may give a better correlation - a con-
19 15
elusion shared with others . For design purposes, Pope suggested
284
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of Miner.
using ~n/N = 0.6. Richart and Ne~ark53,60 proposed a different
hypothesis of cumulative damage in which the damage to the fatigue ~peci-
men is measured by a quantity called "degree of damage" that is a
function of the cycle ratio and the stress level. Testing A-7 steel
specimens, Ri~hart and Newmark found a correlation on a par with those
61In contrast, Wilkins assumed that
\ ....!l..- = 0L N
where 0 is a general non-linear relationship. Reporting some exploratory
tests on aluminum rotating beam specimens with a two level stress
spectrum (81<: 82), Wilkins found that
L : =
gave a satisfactory correlation, see Figure 5.
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III F ACT 0 R S A F F E C TIN G FAT I G U EST R ENG T H
It is meaningless to quote the fatigue strength of a structural
member for a given number of cycles or the fatigue life of the membe~
for a given stress unless one defines the load spectrum to which the
member will b~ subjected, the nature a~d condition of the member, and
the environment in which it will function. Some of the factors influ-
encing the fatigue behavior of a structural member or test specimen are
listed below:
A. Load Spectrum
L Range of stress
2. State of stress
3. Repetition of stress
a. Regular or random
b. Frequency
c. Rest periods
4. Understressing or overstressing
B. Nature and Condi tion
1. Prior stress history
a. Presence or absence of residual
stre~ses
b. Work hardening
-1
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2. Size and shape of specimen
a. Presence of notches
bo Size effects (simulation of a member
or part by a small specimen)
3! Meta11u~gica1 Structure
a. Mic~ostructure, grain size,
and chemical compositio~
b. Mechanical properties
40 Welding
a. Mechanical
b. Metallurgical
Co Environment
1. Temperature
2. Atmosphere
1. RANGE OF STRESS
Quite early in the study of the fatigue phenomenon, it was
noticed that the allowable range of stress, the difference between the
maximum and minimum stress in a single cycle, decreased with an in-
crease in the maximum stress. To date, many investigators have tried
1
to relate the two by some simple equation. In 1872, Gerber, who was
one of W~h1erls students, presented an equation relating the fatigue
l;~;t S * f . t.U~ or a g~ven s ress range,
e
and the
ultimate tensile strength, Su
*Symbo1s conform to those established in reference 23, See Appendix
I, po 61.
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He assumed that the fatigue limit at
where n was an experimentally derived constant between 1.33 and 2.00.
Launhardt l ,3l, in 1873, found the relation
"fitted Wohler's experiments on spring-steel quite well. So is the
fatigue limit for R = 0 and R is the algebraic ratio of the min-
imum stress to the maximum stress in a single cycle. Since this ex-,
pression applied only to 0 ~ R ~ + 1.0, Weyrauch extended the
relation to negative values of R with the equation
S_l is the fatigue limit for R = -1, complete reversal. These
equations are plotted in Figure 6, Johnson3l simplified the Launhardt-
Weyrauch formulae with a straight line, see Figure 6.
"Goodman based his diagram chiefly on Wohler's tests of repeated
1,62
tension of ductile metals
R = 0 was one~'half of the ultimate tensile strength and, at R = -1,
one-third of the ultimate tensile strength, see Figure 7. Various
investigators have found better agreement with test results by equating
CE and ED (Figure 7) to the experimentally determined fatigue limit
for complete reversal. This is the modified Goodman diagram. Given
a maximum stress, Sx' the allowable stress range, Ra , is obtained
by measuring the vertical distance from BC to BD at point x, Figure 7.
If the stress range is given, the maximum allowable stress may be ob-
tained in a similar manner. Others have also modified the Goodman
Formula to fit their experimental results.
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63Moore, KommersandJasper proposed
-25"
Smax.
S-l
3
=
2-R
where 64S_l is experimentally determined and Howell developed a
straight line formula
Smax. R + 3
=
S-l 2
The above mentioned equations are compared graphically in Figure 8.
A semigraphical method relating the maximum stress in a stress
cycle, the stress range in a cycle and the number of stress cycles,
was recommended by the Welding Research Counci1 65 and adopted by the
American Welding Society66o This diagram is illustrated in Figure 9.
The ordinate of a general point is the maximum stress in a single cycle
and the abscissa is the minimum stress in that cycle. If the point
falls below the curve for n cycles, fatigue failure will not occur
at a cycle life of no If the point falls on or above the curve,
failure is likely to occur at n cycles, (Note that a separate
curve is required for each number of stress cycles,)
Most European specifications for welded structures subjected
to alternating loads specify allowable stresses in the form of either
. 67 68
a Goodman or a Smith d1agram ' In the Smith diagram, Figure 10,
the maximum and minimum stresses are plotted as ordinates versus the
mean stress on the abscissa. The mean or steady stress, Sm' is the
average of Smax, and Smin, If the maximum stress is indicated in
Figure 10 by point A, the allowable stress range is AB. Each
284
number of stress cycles requires the experimental determination of a
-26
curve similar to ACBDA. Note that as the mean stress increases, the al-
lowable range decreases.
2. STATE OF STRESS
'. The state of stress is another important factor affecting fatigue
strength. Early experimenters2 applied the t~eories of static failure,
Rankin's theory of maximum principal stress, Coulomb's theory of maximum
shear stress, or St. Venant's theory of maximum s~rain to members under
combined alternating stresses. A more recent static failure theory that
has been applied to fatigue of members under combined stresses is the
distortion energy theory. The various theories are summarized in
Figure 11.
69 . 70 71 19Marin ,S~nes ,Peterson ,and Grover reviewing the works
of Gough, Pollard, and others found that under combined bending and tor-
sion, the behavior of steel alloys is approximated by the distortion en-
ergy theory but that the behavior of cast-iron is approximated by the
72
principal stress theory, Figure 12. Findley suggested that the devi-
ation from the various theories of the ratios of torsion to bending
fatigue strength was caused by anistropy and corrected the various
theories for this effect. Using Findley's correction to the shear-stress
19theory, Grover found this to give the best overall agreement with ex-
perimental evidence.
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3. STRESS SPECTRUM
The variation of stress amplitude with time can influence the
fatigue strength considerably. Freudenthal 73 ,74,75 found that inter-
mittent cycles of high amplitude can shorten the fatigue life of a speci-
men far beyond that predicted by cumJ'iative damage hy~otheses, He sug-
gested the replacement of the conventional S-N curve by a relation be-
tween the two principal characteristics of the stress spectrum, the
range of stress amplitude and the slope of the spectrum in a semi-log
representation. This would require the determination of the actual load
spectra for the prototype structure,
4. FREQUENCY OF STRESS REPETITION
Various investigators 2 ,76,77,78 have found that~ ~t room tem-
peratures, the frequency of stress repetitio~ could be increased to 5000
cycles per minute without affecting the fatigue limit. Above 5000 cpm,
the fat~gue limit increased with frequency but at very high stresses,
high temperatures were generated and premature failure occurred.
5.· REST PERIODS
The beneficial affect of rest periods on fatigue specimens has
been the subject of some research, 79Moore and Putnam , Bollenrath and
Cornelius80 , and others8l ,82 have found no appreciable benefits due to
~
rest periods. 83On the other hand, Daeves, Gerold and Schulz found that
rest periods improved the fatigue strength of soft iron and carbon steels
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if the rest period followed alternating stresses above the fatigue limit
or if the specimen was maintained at a mildly elevated temperature during
rest. Karius 2 and Freudenthal, Yen and Sinc1air 76 reported similar ef-
fects.
6. UNDERSTRESSING AND OVERSTRESSING
Reporting on the investigations of the effect of under or over-
2 15 19 69 74 77
stressing on fatigue strength, several authors , , , , , concluded
that the fatigue life was reduced by long periods of stress slightly
above the fatigue limit or by a few cycles of stress greatly in excess
of the fatigue limit. They also stated that the fatigue life is in-
creased by subjecting the test piece ~ a very large number of cycles
of stress slightly less than the fatigue limit. It was also noted that
high-tensile steels were more sensitive to damage from overstressing
than mild steels.
84Rather different results were reported by Heywood Discussing
acia11y loaded aluminum specimens containing transverse holes, it was
found that the fatigue strength was increased by a tensile preload and
decreased by a compressive preload. If periodic tensile overloads of
0.1% proof stress, stress at a permanent set of 0~1%, were applied
during the fatigue test, the fatigue life was increased 1000 times or
reduced by the same amount if the overload were compression. Beneficial
effects of overstressing became less with high cyclic stresses due to
the fading of the favorable stresses induced by the tensile overloads.
Dolan, Richart and Work54 found similar behavior when testing SAE 1045,
2340, and 4340 steel notched specimens.
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Epremian and Meh185 interpreted the effect of understressing as
a phenomenon based on the selectivity of test specimens and.the statis-
tical nature of the fatigue limit. Unlike other investigators, they felt
that cold working does not playa dominate role in understressing.
7. COAXING
The fatigue limit can also be increased by a phenomenom allied
to understressing - coaxing. Coaxing is the gradual increasing of the
applied cyclic stress in small increments and allowing a relatively large
19,86)
of stress cycles to occur after each increase. Sinclair . tested
rotating beam specimens of ingot iron, ~.SAE .1045, and sAE i2340 and found
that their fatigue strengths were considerably improved by coaxing.
Specimens of 75S-T6 aluminum and 70-30 cartridge brass, on the other hand,
were unaffected by coaxing. Sinclair bypothesised that metals having a
matrix susceptible to strain aging would exhibit the coaxing effect~
The ingot iron, SAE 1045 and SAE 2340 steels have a matrix of ferrite
which is susceptible to strain aging but the aluminum and brass, a1-
though capable of work hardening, have little or no capacity for strain-
aging. Sinclair believed that strain aging raised the e1ast~c strength
of localized areas in which stress relief by slip occurred. This pro-
cess continued with the increase in load until slip was initiated in
regions which had exhausted their capacity for strain aging. At this point,
fatigue cracks were initiated. It was also pointed out that high strength,
heat treated steels appeared to benefit very little from understressing
or cpaxing.
, ,
..
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8. RESIDUALSTRESSES
The effect of residual stresses on the fatigue resistance of a
member of test specimen has been studied and discuss~d by many re-
2,15,19,73,76,84,87,88,89,90,91,92,93,94
searchers . To some extent, they
agree that compressive residual stresses raised the fatigue strength and
tensile residual stresses lowered it. However, there is much disagreement
on whether or not residual stresses fade during alternating stress ap-
plication. Keith95 believed that residual stresses will relax under al-
ternating stresses before significant damage could be done. Wallace
and Franke196 , and Rosenthal, Sines and Zizicas97 found that residual
87
stresses were relieved after a few stress cycles. Rosenthal stated
,
that if the local stress during cycling was close to the yield point,
the residual stresses would be relieved and if the local stress was well
below the yield point, the effect of residual stresses on fatigue
89
strength could be predicted by a criterion which he presented An-
other result of prior stressing - work hardening - may also increase the
fatigue resistance of metals 73 ,98.
9. NOTCHES
Notches may be classified as metallurgical, mechanical or ser-
. 99
v~ce Metallurgical notches are inherent to metal due to segregation,
..
inclusions, blow-holes, laminations and quench cracks. Sudden changes
in contour may be considered mechanical notches and service notches in-
eluding nicks, erosion and corrosion pitting. Recognizing the stress
ra¥sing effect of notches·, fatigue investigators 2 ,15,19,26,68,69,100,101,102,
103,104,105 have made extensive studies of this problem and have tabulated
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tration factor as the size of the specimen was increased.
Testing chrome-moly-vanadium and chrome-moly-nickel-
stress concentration factors for ~es~gn purposes. Dolan99 and Kuhnl06
indicated that effective reduction in fatigue strength was somewhat
smaller than was indicated by stress concentration factors. However,
both authors also pointed out that the ratio of the unnotched to the
notched fatigue limit tended to approach the theoretical stress concen-
99Dolan also
reported that fatigue notch-sensitivity, regarded as the proportionate
strength reduction caused by a stress raiser, was·..not related to notch-
2 99
sensitivity in single blow notched-bar impact tests. Cazaud, Dolan
and Peterso~102 discussed the variation of notch-sensitivity of different
steels and concluded that high strength, heat treated steels were more
notch-sensitive than mild steels. An interesting phenomenon was re-
107
corded by Finch
vanadium gun steels, he found that the S-N curves for various stress con-
centrations converged to a point near the true tensile strength, the
failure load divided by the instantaneous area.
10. SIZE EFFECT
The attempts to test small scale models of full size components
2 108have met with varied success. Cazaud and Massonnet stated that size
effect was negligible in direct stress and in the rotating bending of
hollow shafts, but the fatigue strength decreased with an increase in
size for the rotating bending and the alternating torsion of solid speci-
10 110
mens. Horger 9 and Horger and Neifert noted that the fatigue limit
of 6 inch diameter shafts in alternating bending was about 35% lower than
" 111that for 0.3 inch diameter specimens. Newmann and Muller compared
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the fatigue strengths of small standard specimens with those of fu11-
scale members and structures and claimed to have found good agreement,
The usual explanation for size effect was that the probability
of obtaining a serious flaw that would lower the fatigue life increased
112
with the vo1ume2of the specimen. Epremian and Meh1 believed that the
stress gradient had an equal influence on size effect. Since the stress
gradient decreased with an increase in diameter, the critical (highly
stressed) volume was increased. Both Ros104 and Massonnet 108 studied
the effect of stress gradient with perforated bars in tension an,d found
that the stress gradient varied inversely with the diameter of the hole
and that the fatigue strength varied directly as the stress gradient.
11. METALLURGICAL STRUCTURE
Metallurgists have long been interested in the effects of
,.chemica1 composition and microstructure on the fatigue properties of
meta1s 39 ,40,76,98,1l3,1l4,1l5. Do1an39 ,40 and Waisman 76 pointed out
that the fatigue limit varied inversely as the grain size. Dolan ~lso
stated that the fatigue notch-sensitivity increased with a decrease in
grain size and that the fatigue strength of heat treated steel was im-
proved by relatively rapid cooling from above the critical temperature
to produce finely dispersed hardening constituents. The fatigue limit
was raised when the microstructure consisted mainly of tempered mar-
tensite but was lowered by the existence of areas of coarse pearlite or
free ferrite. waisman 76 , reviewing the work of others, graphically
presented the influence of microstructure on the ratio of fatigue limit
-,-r-----:- .,_ ..
i I
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to ultimate tensile strength, see Figure 13. It will be presented later
that an empirical relationship is thought to exist between the fatigue
limit and the ultimate tensile strength Su' therefore any alloying
element, carbon, manganese, nickel, chromium, molybdenum, vanadium or
phosphorus, will increase the fatigue limit in proportion to its in-
fluence on Su98 Both Dolan39 ,40 and Morris98 felt that inclusions were
not necessarily detrimental to the fatigue r~sistance of steels but
Epremian and Mehl l15 believed that inclusions were probably the most
important single factor in determining the extent of statistical varia-
tion in fatigue life. The latter authors stated that variability was not
significantly affected by microstructure.
12. MECHANICAL PROPERTIES
Much effort has been expended to determine a relationshi? between
116
fatigue limit and other mechanical properties of steels. Crussard et al
tested several steels at different temperatures and found the best correl-
ation between the ultimate tensile strength, Su' and fatigue 1imit al-
though no definite relation with yield point was determined. They and
19 76 77 117 118 . . .
others ' , , , stated the emp~r~cal rule for rotat~ng and ~l-
ternating bending.
Fatigue Limit = 0.5 Su
Dolan39 ,40 and Morris98 placed bounds on this relationship:
0.4 Su <Fatigue Limit <0.6 Su
It should be noted that for an Su greater that about 180 ksi, the re-
lationship, Fatigue Limit = 0.5 Su , is no longer valid. When Su is
,.
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increased by lowering the tempering temperature, the fatigue limit
rl.'ses less rapl.'dly77,98 J 118 1 d th 1 t' h'asper a so expresse e re a l.onsl.p
Fatigue limit = 0.33 Su
for complete reversal of direct stress.
-34
to impact decreased,
Another mechanical property that has been studied in conjunction
98
with fatigue is the brittle transition temperature. Morris reviewed
the work of Gough, Gillet and others and concluded that the fatigue limit
was raised by a decrease in testing temperature althpugh the resis~ance
119MacGregor reported that cyclic stressing below
the fatigue limit can, however, raise the brittle transition temperature
significantly.
13, WELDING
Reviewing the research on fatigue of welded steels, Gilligan and
.j
England120 presented some rather interesting results that are recorded
in Figures 14 and 15. It will be seen thatnhe fatigue strengths of
steels at 100,000 cycles are considerably reduced by transverse butt
welds. At 2,000,000 cycles, any advantage of one steel over another due'
to tensile strength appears to be voided by butt welding. This decrease
in fatigue strength is typical, to differing degrees, of most steels
when welded.
121
. After tabulating existing tests on butt welds, Grover stated
that the redu~tion in fatigue life due to welding was caused by the
formation of geometrical and metallurgical stress raisers and by the
122
change in homogeniety of the material, Wilson and Wilder believed
,.
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that the base metal and changes in cross section were the controlling
-35
not in the weld throat.
factors governing fatigue. Although the weld metal and the heat-affected
zone (HAZ) had variations in internal structure and hardness, the cracks
started at the weld metal - base met~l interface at the surface and
propagated into the base metal at the interior of the specimen, Weckl05
stated that the geometry of the joint or whole connection determined the
reduction in fatigue strength and that the size of the weld could vary
within fairly wide limits without influencing the fatigue strength.
Studying the metallurgical stress raisers, weld metal cracking~ lack
123
of fusion and penetration, porosity, and inclusions, Newman found
significant reductions in the fatigue resistance of steels. On the
other hand, Becker and Rieger124 believed that these internal defects
were outweighed by the effect~ of external defects; Weckl05 also doubted
the importance of these internal flaws, Whitman125 pointed out that welds
of good quality will fail in the HAZ and that the critical region of
fillet welds, in particular; is at the toe of the weld (in the HAZ) and
105In concurrence"Weck . noted that cracks started
at the toe of a transverse weld or at the end of a longitudinal weld
bead, He felt that the reason for fatigue cracks starting at the point
of change of electrode or at a stray flash some distance from a point of
maximum stress was the severe quenching brought about by the sudden ex- .
tinguishing of the welding arc. During the deposition of weld metal, the
HAZ is heated to a temperature above the lower critical temperatures and
the rate of cooling, governed by the conduction of heat away from the
fusion zone, will result in metallurgical transformations similar 'to
those produced by deliberate heat treatment,
284
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Discussing the metallurgy of welds, Biggs 126 listed the effects
~
!
of arc welding on alloy steels. The grain size of theHAZ is coarsened
adjacent to the weld metal. In the HAZ, carbides may not be fully dis-
solved and sufficient time is lacking to permit the full diffusion of
carbon necessary for the homogenation of austenite. Non-equilibrium
microstructures (martensite, bainite, etc.) due to rapid cooling or mixed
structures may be obtained. These structures are tempered by subsequent
passes and low temperature annealing after welding. Due to an unequal
rate of transformation throughout the volume of the HAZ, a fully hardened
structure (martensite) may be subjected to quench cracking, In a single
pass weld, the microstructural constituents in the HAZ consist of ferrite,
cementite, pearlite, bainite, and martensite. A multipass or heat
treated weld is composed of these constituents tempered plus, perhaps, a
transformation leading to temper brittleness. Temper brittleness pre-
cipitation, hpwever, does not seem to occur in iron-carbon alloys or plain
carbon steels. It has been reported only in steels containing more than
77
0.60% manganese or considerable percentages of chromium or nickel
Biggs 126 stated-that the fatigue of welded metals must be re-
solved by a study of the HAZ through specimens simulating the HAZ
structures. Nippes and Savage127 ,128 have designed and constructed a
time-temperature control device for the exact duplication of weld heat-
affected structures. This device was applied to the investigation of
129
impact properties of weld HAZ's
-l
284
14. ENVIRONMENT
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affect the fatigue properties to a ~onsiderable extent.
The environment in which a component or specimen is tested can
2,
Many writers
19,39,40,69,77,1.14,130,131,132,133 have sunnnarized the effects of tem-
perature concluding that fatigue strength varies inversely as temperature.
2Cazaud reported that a true fatigue limit for carbon steel at high
temperatures could not be found even at a hundred-million cycles and
when a static mean stress was imposed upon an alternating stress, creep
played an important part in the reduction of fatigue streng,th,
combined creep arid fatigue data into design curves.
134Grover
The oxygen and water vapor in the atmosphere surrounding a
fatigue specimen appear to have a considerable influence on its fatigue
135
properties, Interesting tests in Europe were recorded by Gilde
The fatigue strength of transverse butt welded carbon structural steel
in rever~ed bending was increased 75% by covering the weld bead and HAZ
with epoxy resin. Other investigators increased the fatigue strength of
butt welds by testing the specimens in a nitrogen atmosphere and also
in a vacuum. Holshouser and Utech136 increased the number of cycles
required to propagate a fatigue crack in 4340 steel by coating the specimen
with an oleophobic film formed by dodecyl alcohol.
.,.
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IV FAT I G U E T ES T I NG
1. FATIGUE TESTING MACHINES AND SPECIMENS
In general, there are four types of fatigue machine~:
Plane B~nding
Rotating ~ending
Direct Stress
Torsion
-38
These machines may stress the specimen by constant load,constant strain,
or a combination of the two. Descriptions of these machines and typ-
2 15 23 26 28ica1 laboratory fatigue specimens can be found in many references.' , , ,
2, TESTING PROCEDURES
Fatigue testing procedures m~y be categorized as constant ~mp-
1itude, response and increasing amplitude. The constant amplitude
(classical WBh1er) is used to determine the fatigue properties ov~~~
I ,
wide range of stresses and cycle lives and the results may be plotted
in the form of an S-N curve, see Figure 16. The ASTM24 recommends that
four specimens be tested at each of four 9r five stress levels. A
curve may be fi tted through these points by "leas t squares" or by·
empirical formu1a65 ,
Due to efforts of Freudenthal, Weibu11, and many others, the
application of statistical methods are being applied more frequently
284
to the study of data obtained from constant amplitude tests when an
-39
adequate number of test results exist, The S-N curve of Figure 16, a
rough indication of the mean at best, is expanded into the P-S-N curve
The statistical methods are set forth
The frequency distribution is usually
of Figure 17,
Freudenthal137 , Richards 138 ,
141 142
Strebelle , and Weibull
139McClintock , Pope and
by the ASTM20 ,2l,24,
140
Bloomer
assumed to be log-normal, however, for extrapolation of the data to very
high or low probability values, an extreme value distribution may give
better accuracy73,143,144,145,146. To permit a reasonable statistical
approach, a large number of specimens must be tested and Freudenthal137
called six specimens per stress level a bare minimum, preferring eight
to ten specimens per stress level to establish the mean fatigue life at
that level. If a statistical estimate of the fatigue strength or life
at a given number of cycles or stress for a probability of failure
137(or survival) of 99% and 1% is to be made, Freudenthal· notedthat
twenty specimens per stress level were needed.
Response tests are made to determine the fatigue limit of a
given specimen. Either the probit method or the staircase (up-and-down)
method can be used as a response test,
In the probit test, about ten specimens are tested at each of
four or five stress levels in the vicinity of the fatigue limit and the
percent failing are plotted in the form of a cumulative frequency dis-
tribution, Figure 18, The mean fatigue life and the standard deviation
. 24 139
are then measured graph~cally ,
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The first specimen is run at an arbitrary stress level near the fatigue
I
limit. The next specimen is run at a stress level higher or lower than
'the first depending upon survival or failure of the first specimen.
This procedure is continued for about thirty specimens and then an
analysis is made to determine the mean life and its standard deviation.
If only a few specimens are available, an increasing amplitude
24
method in the form of a step test may be used. A specimen is run at
successively increasing stress levels for the same number of cycles, n,
at each level until failure occurs. The stress level at failure and the
preceeding stress level are then considered to be bounds to the fatigue
strength at n cycles.
A rapid, increasing amplitude method for the determination of
147fatigue limit is the Prot test . Each specimen is run at a stress
level that increases at a constant rate ~ until failure occurs.j·····r' ,
The ASTM24 recommends the testing of at least twenty spec~mens dis-
tributed over three loading rates to permit the computation of the
central tendency and dispersion of the failure stresses. The results
are plotted as shown in Figure 19 with the failure stress, Sot, on
the ordinate and the root of O!.. ; '\f02, on the abscissa. A straight
line is fitted to these points and its intersection with the ordinate
establishes the fatigue limit, Se' i.e., the failure stress for con-
stant stress amplitude.
148Daubert~s et al verified Locati's increasing amplitude method.
Locati suggested that the fatigue limit of several specimens could be
L.
! I
~~.,-
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determined from the testing of one specimen, knowing the shape of S-N
curves for similar specimens and assuming the validity of Miner's
*cumulative damage hypothesis .
The value of an increasing amplitude test is questionable when
performed upon a metal that is susceptible to coaxing24,86 ,149. Ward,
149Schwartz and Schwartz used the Prot method to test SAE 4340 steel
and found that it gave a good estimate of the fatigue limit. In the
. 149discussion to this paper ,both Dolan and Lazan stated that the Prot
test yielded a straight line in the case 8~ 75 S-T aluminum alloy only
0.18
when the failure stress was plotted versus ~ ,see Figure 20.
Lazan also mentioned that the coaxing effect in SAE 2340 and 1045 steels
caused a reverse slope to the Prot curve!
3. PRESENTATION OF FATIGUE DATA
The results of fatigue studies are usually pre~ented in the
form of S-N curves, Figure 16; Goodman diagrams, Figure 7; Smith
diagrams,Figure 10; WRC-AWS diagrams, Figure 9; or, more recently,
P-S-N curves, Figure 17. Another experimentally derived curve is th~
Gerber or Haigh diagram, Figure 21. The stress amplitude (half-range)
is plotted versus the mean stress. CO is the fatigue strength or limit
for complete reversal and AB is the fati~ue strength or limit for
zero-to-tension. 67Weck suggests that point D be located, not by the
ultimate tensile strength, Su' but by the creep strength, the maximum
*For a discussion of Miner's hypothesis, see page 19.
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s!tress that can be indefinitely sustained after the cessation of initial
creep. German specifications sometimes present fatigue des~gn data as
shown in Figure 22.
It.will be noted that eo1ich S...Nand P:,S-N curve p~esents the
variation of maximum stress with cycle life for only one stress range.
In contrast, the other diagrams, Goodmaq, WRC-AWS, etc., present the
variation of maximum stress with stress range and mean stress but re-
quire a separate curve for each cycle life.
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V FAT I G U EST U DIE S 0 F WELD E D
CON N E C T I 0 N.S AN D S T R U C T U RES 0 F S TEE L
1. BUTT WELDS
150
Dr. Kommere11 ,then Director of the German State Railways,
wrote in 1935 that butt welded connections had non-alternating
(Smax and Smin are ~f same sign) fatigue strengths of slightly less
than one-half their ultimate static tensile strength. He also reported
that the mini~um non-alternating fatigue strength of bu~t welds nQt
backed up at the root dropped to about seven-tenths that of welds re-
ceiving such treatment.
Testing butt welded carbon and silicon steels in fatigue, Wilson
and Wilder122 stated in 1939 that peening weld beads and stress re-
1ieving had little effect on fatigue strength.
151Weck repeated the conclusions of Haigh and Robertson. The
quality of electrodes determined the fatigue strength of butt welds
but high strength electrodes did not necessarily produce welds of high
fatigue strength. Porosity, blowholes, and slag inclusions had little
influence on the fatigue strength of butt welds other than that expected
by a reduction in cross sectional area. Weck151 also reviewed the
fatigue studies on the Continent and found that most fatigue ~ai~ur4s
were initiated in the heat-affected zone (HAZ) although a few failures
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occurred in the weld metal itself. In the latter case, failure was due
to a lack of weld penetration or sealing run. . Fatigue strength was
definitely improved if the root of the weld was chipped out and a sealing
run deposited.
Wilson, B~uckner, Coombe andWilde8l studied the effects of re-
maval of reinforcement, stress relief, and surface polish on transverse
butt welds in carbon steel plates. They learned that removal of the re-
inforcement increased the fatigue strength but that stress relief gave
little advantage. Failure occurred in the base metal or in the HAZ.
The specimen and some of the test results are illustrated in Figure 23.
Fatigue tests on similar specimens with single V butt welds had re~t
periods of from five to thirty minutes per everyone hundred cycles and
it was concluded82 that the fatigue strength was not influenced by the
res t periods.
Reviewing work done on fatigue of butt welded specimens under
2
alternating axial loads, Cazaud recorded that a transverse butt weld
lowered the fatigue strength at two million cycles to 50% that of a
plain specimen. Removal of the weld reinforcement slightly increased
the fatigue strength.
steels,
Studying the fatigue behavior of welds in lQW alloy structural
152 153 154Stallmeyer and others ' , compared the behavior of A-242
and A-7 steels both plain and welded.. The fatigue strengths of plain
A-242 specimens were 10% to 25% greater than plain A-7 specimens. The
average fatigue strengths of A-242 specimens containing longitudinal
butt welds of E70l6 rods were 13% to 20% higher than like welds of
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E60l0 rods on ~-7 specimens. When E70l6 rods were used on A=7 steel,
this advantage dropped to less than 10%. When transverse butt welds
were studied, the fatigue strengths of welded A-242 specimens were about
10% higher than A= 7 specimens welded wi th E601O, but when the A-7 speci-
mens were welded with E70l6 rods, this advantage dropped to 5%. The
authors felt that A-242 steel demonstrated a higher sensitivity
to surface irregularities than A-7 steel. Although chemical composition
*of varidus A-242 steels varied widely, the presence of welds reduced
the variation in fatigue strengths, see the tabulation in Figure 24.
Failures in the longitudinal butt welds were generally initiated in the
region of the surface pass where the electrode had been changed.
Figure 24 illustrates the type of specimens used in these tests.
. 155Stallmeyer and Fisher used the same type of specimens to compare the
fatigue strengths of A-7 and A-373 steels. The fatigue strengths fo·r
both steels in zero-to-tension did not differ appreciably in the plain,
longitudinal butt welded or transverse butt welded specimens, see
Figure 25.
156In 1958, Stallmeyer and Morison reported on their efforts to
develop a small scale notched specimen that would yield fatigue
strengths comparable to those of full-sized transverse butt welded
joints** Rather good agreement was discovered between cert~in notch
.-
configurations and A-7 and A-373 large, butt welded specimens~ The
notched specimens were polished and axially loaded .
__ o e _
*One of the steels tested, Tri-Ten, is now classified as A-44l.
**See also page 59
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Also in 1958, results of fatigue tests on butt welds in eight
157European countries were published For a steel with an ultimate
tensile strength of 57 to 71 ksi and a fatigue strength at 2,000,000
cycles of 21 to 42 ksi, undressed butt welds lowered the fatigue
strength to 16 to 27 ksi. The machining of rihese welds raised the
fatigue strength to that of unwelded specimens.
158Tests run by, Swindlehurst at Lehigh University investigated
the applicability of the Prot method to the determination of the fatigue
strength of transverse butt welded A-373 specimens. Using an Amsler
Vibrophore, he obtained results agreeing with those from conventional
methods.
159Newman and Gurney tested plain and welded specimens of BS 15,
a British mild steel. Specimens with mill scale on the surface had
.fatj.gue strengths 15% to 19% less than those with machined surfaces.
When the reinforcement was machined from the transverse butt welds,
the specimens had the same fatigue strengths as plain speci~ens with
mill scale. oWhen a stress relief of 650 C was applied to transverse
butt welded specimens, it was learned that the stress relief did not
influence the fatigue strength regardless of the removal of the rein-
forcement, however, improper stress relief that decarburized the sur-
face of the specimen reduced its fatigue strength by 12% to 17%.,
..
-T~
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2. FILLET WELDS
150Kommerell stated a proposition in 1935 that has since become
recognized by engineers. Butt welds have an essentially higher fatigue
strength than fillet welds. His tests on mild ~teel, ST 37, showed that
the stress conce~trations at the end of longitudinal fillet welds were
critical and by fairing the end of the weld with a smooth transition
curve, the fatigue strength was increased. For specimens used and the
results of these tests, see Figure 26.
160Weck also noted the stress raising effect of fillet welds.
Under static load, a fillet weld will usually fail in a plane coinciding
with the weld throat and the failure may be forced into the base metal
by increasing the size of the weld. However, a fatigue failure would
usually occur in the base metal even if the weld throat area was quite
small. Weck pointed out that the stress concentration due to the form
of the joint and the contour of the weld was more critical than the
size of the weld. If two similar fillet welds with equal leg size, one
concave and the other convex, were tested in fatigue, the former would
have a higher fatigue strength even though its throat area were smaller
than the latter.
81
. Wilson, Bruckner, Coombe, and Wilde reported in 1941 on tests
conducted at the University of Illinois. Using a Wilson machine, they
tested specimens of carbon and alloy steel under fully reversed ~yclic
loads, see Figure 27. These specimens consisted of small non-load
carrying bars welded transversely to the line of load action and most
failures occurred in the base metal at the toe of the fillet weld.
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Tests exploratory to an extensive investigation of fillet welds
Plates of A-7 steel were connected with lo&d carrying
at the University of Illinois were described by Wilson, Bruckner, Ouberg,
d d 161an Bee e .
fillet welds and loaded in zero~to-tension, zero-to-compression, and
complete reversal. It was noted that the fatigue life of the specimens
increased as the length of the longitudinal fillet welds were increased,
but decreased as the distance between parallel longitudinal fillet welds
was increased. The greatest fatigue life was achieved by connecting the
plates by transverse fillet welds with an ogee cross section. All
specimens.were designed to fail in the plate and most of them did.with
the failure beginning at the end of a fillet weld. The transverse
fillet welded specimens failed through the weld throat or along the
weld, base metal interface. The results o·f these tests are tabulated
in Figure 28.
162
Wilson, Munse and Bruckner followed the previously mentioned
tests with further tests on plates of A-373 steel connected with single
and multiple pass fillet welds, both longitudinal and transverse;
channels connected to plates with longitudinal and transverse fillet
welds; transverse fillet welded tee joints; and moment resisting fillet
welded joints. The results are shown in Figures 29 to 34. The plates
connected by fillets, Figure 29, failed in the base metal at the end of
a fillet weld. The longitudinal single and triple pass welds all £ailed
at lower fatigue strengths than the single pass welds. In the second
series of triple pass welds, 1/32-inch 0.0. soft iron wires were placed
between the plates thus permitting the plates to draw toget~er during
see Figure 35.
•
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welding and relieving the thermal stresses in the first pass. When
single pass transverse fillet welds were compared to triple pass trans-
verse welds, Figure 31, it was seen that the fatigue strength of triple
pass welds w~s higher than that of single pass welds. "Single pass"
I
specimens undergoing cOIIIP1ete stress reversal or zero-to~compressi~n
usually failed by the weld pulling out of the center plate whilst the
"triple pass" specimens usually failed in the weld throat during complete
reversal. Failure occurred in the weld throat for zero-to-tension, or
half to full tension on the "single pass Il..specimens but, during zero-to-
tension on the "triple pass" specimens, failure occurred by the weld
pulling out of the center "plate. When combined longitudinal and trans-
verse single and triple pass fillet welds, Figure 32, were tested, it
was found that the fi.rst series of "triple pass" spec~mens gave lower
fatigue strengths than the "single pass" specimens but this was rectified
by using soft iron wire spacers as mentioned above. Failure usually was
initiated in the transverse weld. Transverse fi11et.we1ded tee joints,
Figure 33, were tested and were found to fail in the throat of the weld.
The fatigue strengths of moment resisting fillet welds were also inves-
tigated,Figure 34, and failure took place in the welds.
163
In Europe, Leiris and Ductilleu1 investigated the fatigue
strengths of axially loaded specimens to which non-load carrying trans-
verse bars were welded. It was learned that the fatigue strength of
various steels (Su = 57, 71, and 85 ksi) varied as the ratio of the
thickness of the main member to the thickness of the transverse bar,
164 'Soete and Van Crombrugge noted that the fatigue
..
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strengths of tee-fillet welded specimens increased as the size of the
fillet weld increased, F!gure 36.
2Cazaud reviewed the work done in Europe up to 1953 on fatigue
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of fillet welds. He stated that fracture nearly always occurred at the
junction of weld and plate, starting at a slag inclusion. The types of
specimens used in the studies reviewed are shown in Figure 37 together
with the test results.
Whitman125 demonstrated that, in the case of a transverse fillet
weld, cracks ordinarily started at the toe of the fillet weld, the point
of greatest stress concentration where the base metal had suffered grain
growth due to heating, and propagated through the base metal.
Nordmark, Stallmeyer, and Munse153 used the Wilson machine at the
University of Illinois to compare the fatigue properties of A-7 and A-242
(Mayari-R) steels. The tee fillet welded specimens, Figure 38, in which
both A-7 and A-242 were welded with E70l6 electrodes, failed through the
throat of the weld and most failures were initiated away from the ends
of the welds. In a continuation of this series of tests, Nordmark,
154Shoukry and Stal~meyer examined the fatigue behavior of A-242 plates
(Mayari-R, Tri-Ten and Tri··Ten. E) connected by longi'tudinal fillet welds.
It was found that the presence of fillet welds reduced the difference
in fatigue strengths of the various steels although their chemical com-
positions varied from one another. The static weld strength of A-242
was 45% to 75% higher than A-7 but the fatigue strength of plain A-242
was only 10% to 25% higher than A-7. When the A-242 plates were f.
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connected by longitudinal fillet welds their average fatigue strertgth
was 15% to 20% higher than previous tests on A-7 welded with E60l0
electrodes, The A-242 specimens, Figure 39, were welded with Mil 180
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electrodes and failure was initiated in the plate at the end of a weld.
The permissible stresses for fillet welded joints, allowed by
codes of the United States, Great Britain, ~SR and West Germany were
94 .
compared by Gurney ,Figure 40, and some fillet welded specimens,
Figure 41, were tested, Gurney found that all fillet.welds tested. had
-
relatively poor fatigue strengths, and that load carrying fillet welds
were considerably worse than non-load carrying welds. He stated that
current European specifications governing fillet welds provide no safety
factor against failure at 2,000,000 cycles for members with non-load
\ .
carrying welds while design stresses for members with load carrying welds
are greater than the fatigue strengths obtained by test, There is some
evidence that transverse fillet welds can have higher fatigue strengths
than longitudinal fillet welds but the results for transverse welds tend
to scatter greatly while the behavior o~: longitudinal welds seem quite
\
consistent. Small improvements in fatigue strength can be made by
machining the welds but this is expensive, Gurney concluded that high
tensile joints have given virtually the same fatigue strengths as for
similar joints in mild steel,
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3. BUILT-UP MEMBERS
A. Welded H-Beams
Wilson165 ,166,167 tested 104 beam specimens consisting
of 27 different types, rolled sections, cover plated rolled
sections, built-up sections, etc. It was seen that rolled
sections have a much higher fatigue strength than built-up
sections of a similar section modulus, see Figure 42. Stallmeyer,
155 168Fisher, Munse and Goodal ' also tested the fatigue behavior
of built-up beams. Vary'in~ the flange thickness to web thickness
ratio of A-7 built-up beams, they learned that the fatigue life
increased with this ratio, Figure 43. Fatigue failure was
initiated at a crater due to a change of electrode in the flange
to web fillet weld and propagated through the flange at a faster
rate than through the. web. If the ratio were high, the crack
progressed into the web first, however, with low values of this
ratio, the crack progressed into the flange first, and then into
the web. Testing A-373 built-up beams at. approximately 0 to 30
ksi also, the angle of principal stress, ~, was calculated and
compared to the measured angle of the web crack, Figure 44.
MOst failures were initiated in the weld at a change of electrode,
although three specimens experienced a failure in the edge of
169the flange. Hall and. Stallmeyer reported that three built-up
+'
beams of A-44l steel tested by them exhibited little increase
in fatigue resistance over those of A-373. The fractures in. the
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A-44l beams started at gas pockets in the flange to web fillet
welds.
The above beam tests were made on a Wilson lever type
machine. A method of testing welded H-beams by resonant vibra-
tion excited by a mechanical oscillator was recorded by Percival
and Weck170 .
Wh ' 125 d ' h f ' h f~tman attempte to ra~se t e at~gue strengt 0
. welded built-up beams by butt welding two short stemmed tees to
a web plate. A significant difference was not noticed and he
concluded that the tees must be deep enough to bring the butt
weld into the low stress region of the web. For many years the
150 171Germans ' have rolled special flange shapes that require
flange to web butt welds in lieu of fillet welds, see Figure 45.
A rather interesting point concerning the stress analysis
172
of flange to web fillet welds was made by Faltuslt is
customary to design these fillet welds in built-up sections by
considering only the shear stress in the weld throat. Faltus
declared that the longitudinal normal stress due to bending in
the fillet 'weld must be considered in addition "to the shear
stress.
B. Beam Splices
The effect of splices on the fatigue strength of built-up
beams has been extensively investigated at the University of
o·
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Illinois .Wilson165 ,166 noted that a beam spliced by butt welding
155,168
underwent a reduction in fatigue strength. Sta11meyer et a1
investigated, several splice configurations, .Figure 46, in beams
of A-7 and A-373 steels. Most failures were initiated in the
heat-affected zone in the flange, although, in a few cases, cracks
started at the top of cope holes and progressed into the web.
169Hall and Sta11meyer tested some of these splice configurations
in beams of A-441 steel and reported that the fatigue lives of
spliced A-441 andA-373 beams were similar.
C. Cover Plates and Flange Transitions
Another detail that can significantly affect the fatigue
strength of a beam is the cover plate. Wi1son165 ,166,167 reported
that par.tia1 length cover plates reduced the fatigue strength of
a beam to a much greater degree than a full length cover plate,
see Figure 42. He suggested that cover plates should be extended
past the theoretical cut-off point a sufficient distance so that
the stress at the end of the plate is 40% of the stress at its
center. Wilson also noted that the stress raising effect of a
continuous fillet weld on a cover plate was less than an inter-
mittent fillet weld. 173Munse and Sta11meyer tested various end
conditions for cover plates of K-373 steel and the results are
shown in Figure 47.
In. the design of plate girders, the moment capacity is
j
varied, as a rule, by varying the flange thickness. 150,!<ommere11
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first specified the gradual transition of flange thickness and
173
Munse and Sta11meyer investigated the flange transition as a
part of their cover plate study, Figure 47,
174
Hall and Stal1m~yer
.-
further investigated the flange transition of Figure 48 in which
the single V. butt weld and neighborin~ base metal were ground
smooth. It was reported to have the highest fatigue resistance
of any method for increasing moment capacity of a built-up beam.
D. Beam Stiffeners
Wi1son165 ,166 and Cazaud2 noted that stiffeners welded to
the tension f1a~ge of a beam will reduce its fatigue resistance!
The tests of Hochheim on chromium-copper steel built-up beams
.2
as_reported by Cazaud are shown in Figure 49.
Various types of stiffeners, some welded to the tension
175
regions and some not, were studied by Kouba and Sta11meyer
Fatigue failure was usually initiated at the termination of the
web to stiffener fillet weld. The crack propagated up into the
web in the panel toward the load point and along the flange to
web fillet weld in the panel away from the load point, The
authors concluded that no one type of stiffener had a particular
advantage over another although welding to a tension zone in the
web or flange could lead to early fatigue failure. The types of
stiffeners tested and the results of these experiments are i1-
1ustrated in Figure 50. The ratio of the computed angle of
principal stress to the measured crack angle is also shown in
this figure.
.'
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Fatigue tests were made on rolled sections with stiffeners
in England. These tests and a parallel series of tests on plate
speci,mens with welded attachments simulating the stiffener details
176
of the beams were reported by Gurney . He felt that the results
of the plate specimen tests were directly comparable to those of
the stiffened beams since the plate specimen points fell within
the scatter band of the S-N curves drawn for the stiffened
beams. The specimens are shown in Figure 51.
E. Beam Connections
Fatigue studies of welded beam connect~ons were made by
Graf177 . He noted that, in every specimen, the fatigue crack
started at small notches in the surface of the weld. Graf con-
cluded that it is desirable, in beam connections, to butt weld
to the tension flange but that fillet, welds are adequate for the
compressive flange and the web. Some of his specimens and their
fatigue strengths are pictured in Figure 52.
F. Box Sections
Mild, steel, thin' gage box sections made from welded
\ .
stampings were tested in alternating tension by Newman, Gurney
178
and Coates . These tests compared various welding processes
for the motor car industry in England.
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4. SUMMARY
A timely summary may be made in the form of a list of "db's arid
don'ts" for the design and fabrication of welded structures. This
179
abridged list is taken from a paper by the Welding Research Council
Do's
1. Change sections gradually
2, Where welding joins different thicknesses of
plates or sizes of sections, provide a gradual
transition.
3, Grind butt welds flush and smooth.
4. Use butt joints instead of lap joints.
5, Extend cover. plates on girders well beyond
theoretical cut-offs,
6, Streamline fillet welds,
7, Give preference to a structure that will not
collapse after fatigue failu~e in a member.
8, Locate joints where fatigue conditions aren't
severe.
9, Use welding procedures and methods that wid ~
eliminate internal defects such as, gas pockets,
·slag inclusions, etc,
10. Avoid undercutting, cracks, spattet~, and
other stress raisers,
11.- Machine or otherwise dress weld at critical
locations to obtain smoothness,
...
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Don'ts
1. Don't use a joint with large variation in
stiffness.
2. Don I t introduce high restraint in localized ;
zones.
3. Don't leave undercuts, incomplete root
penetration.
4. Don't use inter~ttent welding.
5. Don't leave end defects in fillet welds.
6. Don't permit promiscuous striking of an
arc outside of weld area.
7. Don't overweld .
-58
284
VI E X 1ST IN G FAT I G U EST UD I E S
o F "T_l" S TEE L
1. EARLY STUDIES
-59
".
•
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The first fatigue studies on "T-l" steel were recorded by Doty
181
and Schilling and Holt These tests were run at the Applied Research
Laboratories of U. S, Steel and at the University of Illinois, . The speci-
mens of the ARL, see Figure 53, were loaded in plane-bending by a Rayflex
Resonant Frequency Fatigue Testing Machine, Unwelded specimens with
ground surfaces had a higher fatigue limit (45 ksi) than those with mill
surfaces (36 ksi), It was also found that the fatigue limit of butt
welded specimens could be increased by removing the weld reinforcements,
Specimens that underwent a stress relief of 11000 F for one hour after
being butt welded,withE90l5 electrodes had about the same f~tigue limit
as specimens welded with E120l5 electrodes and not relieved,
The University of Illinois used a 200 kip Wilson lever type
, fatigue machine to test their specimens in zero to tension, see Figure 53.
They found that specimens butt we~ded with E90l5 electrodes and stress
r~lievedat 11000 F for one hour had higher fatigue limits than those
welded with E120l5 electrodes but not stress relieved, See Figure 55 for
a comparison of unwelded and welded specimens with mill surfaces,
284
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Schilling and Holt also presented some unpublished data on
-60
specimens, polished and unpolished in plane-bending at ARL, to compare
*fatigue behavior of "T-l" steel and 321BHN "T-l" steel , and on 1/4-inch
diameter polished rotating beam specimens, See Figures 56, 57, and 58.
2. PRESSURE VESSEL RESEARCH
In the pressure vessel research field, investigations of plastic
fatigue were made, 51Gross and Stout ,Lehigh University, conducted
..
,,' .
tests on welded and unwelded specimens, see Figure 59, of several types
of steels including "T-l". They used a cam-type fatigue machine in which
the specimens underwent a reverse bending to a constant deflection. It
was found that welding had a negligible effect on fatigue resistance of
the high strength steels investigated when the reinforcement was removed,
E120l5 electrodes were used in these studies of "T-l" steel. The resul ts
are shown in Figure 60,
At the University of Illinois, Bowman and Dolan182 studied the
biaxial fatigue properties of pressure vessel steels by simply supporting
a steel plate along all four edges and subjecting the bottom face to
a fluctuating alternating hydraulic pressure. "T-l" steel specimens
were tested in an unnotched and a notched condition, see Figure 61,
*321BHN "T-l" steel is used where abrasion resistance is
principal requirement.
".
•
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in which the notch'simulated a nozzle opening inside a vessel. The "T-l"
specimens are compared to the other steels in Figure 62. Bowman and
Dolan also r.an similar tests 183 on "T-l" and other steels in biaxial
fatigue in which the top surface of the plate was vee-notched, Figure 63,
and, in some cases, the vee-notch was filled with E120l5 weld metal and
ground flush. The results of these tests on "T-l" are shown graphically
in Figure 64. When the variation of relative fatigue strength with yield
strength of all steels tested was compare~, see Figure 65, it was dis-
cover,ed that "T-l" steel showed greatest reduction in cyclic strain from
the unnotched to notched specimen. It was also demonstrated that surface
condition of a specimen has a significant influence on its fatigue strength .
3. CALIFORNIA DIVISION OF HIGHWAYS TESTS
'"~, In 1955, tests were conducted in the testing laboratory of the
184California Division of Highways ,to determine the pra~ticability of
welding '~-l" structural steel in the Carquinez Straits Bridge. Fatigue
tests were run on rotating, cantilever bending specimens to determine
S-N curves for plain plates and specimens butt welded by various methods
and with various electrodes, see Figure 66. The fatigue limits determined
are tabulated on the next page.
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SPECIMEN FATIGUE LIMIT Se/Su
(ksi) (%)
Plain:
1 inch Plate 58.6 4604
1-1/2 inch Plate 51.3 4906
Butt welded:
Inert-gas shielded arc
1 inch Plate 3908 3205
1-1/2 inch Plate 39.8 38.4
Submerged arc
1 inch Plate 40.7 3502
1-1/2 inch Plate 4007 4409
~ Manual
1 inch Plate 3209 to 37.9 21.8 to 31.2
1-1/2 inch Plate 32.9 to 3709 33.7 to 4004
-62
Comparison
A-7 Plain Plate
1-1/2 inch Plate 30.8 4605
7Some specimens that survived 10 cycles without damage were re-run at
higher nominal stresses and demonstrated a possible "coaxing" effecto
In most cases, the failure started in the weld metal and then propagated
through the weld metal or the heat affected zone.
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4, SIMULATION OF BUTT WELDED JOINTS
To develop a small~scale, notched axially loaded specimen that
would yield fatigue strengths comparable to those of full-size transverse
butt welded joints, Stallmeyer and Morison 156 tested over two hundred
4~inch by l/2-inch specimens of A-7, A-373, Tri-Ten, T-l, and HY80 with
various notch configurations. The notch that gave the closest correlation
to large butt welded specimens of A-7 steel resulted in considerable
scatter for "T-l" steeL Some "T-l" specimens with this notch were
heated to 16500 F for ten minutes and then air cooled. These specimens
showed considerably less scatter when tested but their fatigue limit was
much lower than large butt welded specimens, see Figure 67,
5. BUTT WELDS
Gilligan and England120 mentioned that the University of Illinois
has conducted some axial, fluctuating tension fatigue tests on transverse
butt welded joints in l/2-inch plates of "T-l" steel, see Figure 68.
181
In the summaries of their reports, Schilling and Holt ,and
Gilligan and England120 presented the existing data from ARL and Uni-
versity of Illinois in the form of a WRC-AWS Diagram, see Figure 69.
6. FURTHER TESTS ON POLISHED SPECIMENS
Recently the Applied Research Laboratory of United States Steel
185
published a report by Lutz and Wei They conducteq axial load and
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. rotating bending fatigue tests on "T-l" polished specimens and presented
the S-N curves, see Figure 70, for R = 0,-1/2 and -1. Some specimens
were also axially loaded at R = 1/2 and their fatigue strengths were
in excess of the yield strength even at a life of ten million cycles~
284
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At this point, the reader has realized that there are many un-
certainties and unknown quantities in the stuqy of metal fatigue, There
have been quite a few theories of fatigue failure presented by researchers
but the reason why fatigue failures differ from static failures is still
undecided. The prediction of fatigue life of a machine part or structural
member must still be based on tests of those parts and ~s sometimes even
based on the fatigue tests of small polished specimens! If the load
spectrum is random instead of constant amplitude, the cumulative damage
theories are invoked to predict fatigue life but it has been seen that,
again, much is to be desired,
A great deal of time and effort has been expended on the effect
of various factors on fatigue strength but there are very many areas in
which definite answers are lacking, It has been shown that the allowable
stress range decreases with an increase in mean stress. The effect of
state of stress on the fatigue strength of ductile metals can be fairly
well predicted by a modification of the distortion energy theory, One
might expect this because the distortion energy theory is adequate for
the predict~on of static strength of ductile metals and it has been shown
that a relation seems to exist between the static ultimate strength and
the fatigue strength of ductile metals, It pas also been accepted that
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the reduction in fatigue strength of metals is less than predicted by
stress concentration design factors •. There is much disagreement among
investigators on the effects of other factors. Some investigators claim
that residual stresses fade during cyclic stressing, others say not.
One group feels that. rest periods during cyclic stressing, have no effect
on the fatigue strength while others believe that rest periods are
beneficial. Size effect has been credited to the proposition that a
large specimen has a higher probability than a small one of containing
a dtafect sufficient to lower the fatigue strength; however, there are some
researchers who believe that the stress grad~ent plays an equally im-
portant part in size effect.
It is universally recognized that welding lowers the fatigue
strength of metals. but disagreement exists on the reason for this
phenomenon. Is it due to defects in the weld, defects in the base metal,
geometry of the weld, or metallurgical changes in the Heat Affected Zone;
or some combination of the above?
Much qualitative information has been expressed in recent years
on the fatigue behavior of high strength steels. These steels appear to
be more sensitive to overstressing than mild steels and benefit less from
understressing and coaxing. ALthough the fatigue strengths of high
strength steels are higher than those for mild steels (varying with the
ultimate tensile strength), they also appear to have a higher fatigue
notch sensitivity. A quick reference to an AWS-WRC fatigue diagram will,
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however, reveal a definite advantage for high strength steels. For a given
mean stress, high strength steels may carry a much greater stress range
than mild steels.
In the area of fatigue testing methods and data anatysis,
statistical design and analysis of fatigue testing is certainly the most
logical approach but this requires a great number of specimens and much
time. If it is not practical to run many specimens or if one is seeking
design data from published results of tests on a few specimens, he must
recognize that the usual presentations, S-N Curves, Goodman Dia&rams, etc.,
are but a rough approximation of the central tendency of the data.
The fatigue resistance of welded structural members is, today,
of paramount importance but specifications and designs can be based only
on tests of fatigue specimens that often bear little or no resemblance to
a prototype configuration. It must be realized that the results of tests
on these. specimens oft times are strictly applicable only to similar
specimens and not structural connections. There have been a few plate
girders and large scale structural connections tested in fatigue but only
rough trends may be drawn from them. Probably the most promising "coupon"
type fatigue tests will be performed on relatively simply specimens that
simulate in the critical regions of built-up welded members, not only the
nominal stress, but also stress state, stress gradient, residual stresses,
and other factors which affect fatigue life.
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Stress
Sa
N: Fatigue life for a given Smax and Sr
Sa = Sr/ 2 : Stress amplitude
Se: Fatigue limit for a given Sr
Sr
Sm = (Smax + Smin)/2: Mean stress
Smax: Maximum or highest algebraic stress per cycle
Smin: Minimu~ or lowest algebraic stress per cycle
Sn: Fatigue strength for n cycles
Sr = Smax - Smin: Stress range (algebraic difference)
Su: Ultimate tensile strength
R = Smin/Smax: Stress ratio (algebraic)
Se/Su: Fatigue ratio
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Austenite - - - - - - - - - - - - High temperature phase of carbon steel.
Some non-magnetic steels such as cer-
tain st~inless steels are constituted
of austenite at room temperature.
Bainite - - - - - - - - - - - - - A microstructure of steel that is the
product of a cooling rate midway be-
tween that required for the transfor-
mation to pearlite and that required
for the transformation to martensite.
Blow holes - - - - - - - - - - - Cavities in a metal formed by gases
that were prevented from escape by
the solidification of a molten metal.
Cementite - - - - - - - - - - - - Hard,·. brittle :compound,dron ... carbide.
Coaxing - - - - - - - - - - - - - The increase of fatigue limit by
gradually increasing the applied
cyclic stress in small increments and
allowing a relatively large number of
stress cycles to occur after each
increase.
Cold working - - - - - - - - - - Plastic deformation of a metal below
its recrystallization temperature
during which work hardening occurs.
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Critical temperature range - - - - Temperature range above which a ferrous
metal consists of austenite and below
which the metal's structure is ordin-
arily ferrite and pearlite,
Decarburization - - - - -
",
Loss of carbon from the surface of
steel due to prolonged exposure to high
tempera~ures,
Fatigue limit - - - - - - - - - - Limiting value of stress below which
a metal can endure an infinite number
of stress cycles.
Ferrite - - - - - - - - - - - - - One of two crystalline' forms assumed
by iron (the other is austenite),
Minimum tensile strength but maxim~m
ductili ty,
Hear-affected zone (HAZ) - - - - - That portion of the base metal that
has not been melted but whose
mechanical properties or micro-
structure has been changed by the heat
of welding,
Load or stress spectrum - - - - - The representation of the variation
of load or stress with time (number
of cycles), i,e" repetitive, non-
repetitive, constant amplitude, varying
amplitude.
284
Martensite
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Hardest of transformation products
obtained by rapid cooling (quenching)
of austenite.
..
Normalizing - - - - - - - - - - - Heating steel above the critical
temperature range and then air cooling .
.Notch sensitivity - - - - - - - - Resistance of a metal to the propa-
gation of a crack due to a stress
raising condition.
Pearlite - - - - - - - - - - - - - Mechanical combination of ferrite and
cementite. Maximum tensile strength
but minimum ductility.
Peening - - - - - - - - - - - - - Mechanical working of the surface of
a metal by shot or hammer blows.
Porosi ty - - - - -- - - - - - - - Gas pockets or voids in metal.
Quench and temper - - - - - - - - Heating the steel to the proper
austenitizing temperature and holding
it constant until the desired trans-
formation takes place and then cooling
it rapidly (quenching) in a suitable
medium - water, oil, air, or others.
The metal is then reheated to a tem-
perature below the critical range and
cooled under suitable conditions
(tempering).
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Quench cracking - - - - - - - - - - Cracking due to a lack of uniformity,
throughout a metal part, of volumetric
expansion accompanying the transformation
from austenite to martensite.
Strain aging - - - - - - - - - - - Gradual change in properties as a re-
sult of previous cold work,
Strain hardening - - - - - - - - - See work hardening,
Stress gradient - - - - - - - - - - Rate of change of stress with respect
to a linear dimension, t, e., depth,
etc,
Stress level - - - - - - - - - - - The maximum stress at which a fatigue
test is conducted. (An incomplete
description of the stress condition in
a fatigue tes t. )
Stress relief - - - - - - - - - - - Reduction of residual stresses by
heating the object to a suitable tem-
perature and holding it there for
a sufficient time followed by a con-
trolled rate of cooling.
Temper brittl~ness- - - - - - - - - Embrittlement of certain steels believed
to be the result of precipitation of
special carbides when steel is slowly
cooled from its tempering temperature,
284
Transformation temperature range See Critical temperature range.
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Transition temperature - - - - - - Temperature at which a specimen ex-
hibits some change in fracture behavior
as evidenced by a change in some char-
acteristic, such as energy absorption
or fracture appearance.
Work hardening - - - - - - - - - - Increase in hardness of a metal by
plastic deformation.
•o
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Minimum
.Yie1d
Su %Point Elongation
. Metal (ksi) (ksi) 2" gage Heat Treatment Reference
A7 33 60-75* 24 As Rolled 186
t
A21O**.! ~8.5 60.5 35.5 Normalized 51
A225** 52.5 76.1 29.2 Normalized 5~
A302** 51.8 87.3 23.8 Normalized 51
A373 32 58-75* 24 As Rolled 186
A441 42-50* 63-70* 24 As Rolled 186
A242 42-50* 63-70* 24 As Rolled 186
liT,. 1" 90-100* 105-135* 16-18* Qu~nched and 187
Tempered
HY80 82.7 9306 23.5 Q!!enched and 156Tempered
SAE1045 5908 9703 2708 Normalized 54
SAE2340 9905 117.2 23.5 Oil Quenched 54
and Drawn
SAE4340 14202 150.4 18.2 Oil Quenched 54
and Drawn
BS15 42 65 ? As Rolled 176
ST37 3102-34.~* 52.5 ? As Rolled 188
75 S-T 73 01 8307 16 As Received 54
Aluminum
*Depends upon plate thickness 0
**Stee1 plates for boilers and pressure vessels .
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FIG. I BAIRSTOW'S HYSTERESIS OF
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FIG. 2 OROWAN'S ANALOGY
(From Ref. 15)
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FIG. 3 S-N DIAGRAM
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Note: Stress Amplitude =E~e
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(From Ref. 50)
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FIG. 5 CUMULATIVE DAMAGE OF ALUMINUM
AT TWO STRESS LEVELS IN
ROTATING BENDING. (From Ref. 61)
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LIMITING STRESS
•
WEYRAUCH LAUNHAROT
.,
, .
50 ksl
40ksl
FATIGUE LIMIT 30 k .
o TO TENSION ;.
':;;..'
FATIGUE LIMIT ~0 ksl
COMPLETE
REVERSAL
t TENSION
~ LINE OF ZERO STRESS
COMPRESSION
-20 ksi
FIG. 6 THE LAUNHART- WEYRAUCH FORMULA AND JOHNSON'S
MODIFICATION
B
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LCOMPRESSION
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I .&.U
'2 A S..
I
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F.L. F.L.. FATIGUE LIMIT
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FIG. 7 THE GOODMAN DIAGRAM
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FIG. 8 SOME EXPRESSIONS RELATING FATIGUE
LIMIT TO STRESS RANGE
-
c g
o E
'iii (f)
c +Q,)
-o
-
-8m1n.
A< B<C
+ Smin.
-,
FIG. 9 SEMI- GRAPHICAL METHOD OF W. R. C.
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FIG. 10 SMITH DIAGRAM
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Maximum Shear Stress Theory
~e :~~x _~y)2 +4t"x~
Distortion Energy Theory
~e ·V~x2- ~x ~y +~y2+ 3t"x~ •
FIG. II THEORIES OF FATIGUE FAILURE
(From Ref. 19)
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FIG. 14 ZERO TO TENSION FATIGUE STRENGTH OF
CONSTRUCTIONAL STEEL f!..ls AT 100,000
CYCLES. (From Ref. 120)
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FIG. ·15 ZERO TO TENSION FATIGUE STRENGTH OF
CONSTRUCTIONAL STEEL ~IS AT 2,000,000
CYCLES. (From Ref. 120)
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FIG. 22 FATIGUE DESIGN DATA (GERMAN)
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TYPICAL ILUNOIS FATIGUE SPECIMEN
(AXIALLY LOADED)
FATIGUE STRENGTH (KSI) •
DETAIL-A DESCRIPTION OF
R R =0.5=-1 R=O
SPECIMEN
"Z 105 2XI06 105 2xI0 6 105 2XI0 6
Single V As welded 22.3 14.4 33.1 22.3 53.3 36.9
Butt weld7 Reinforcement on - stress reliev8(j 21.3 15.1 31.9 23.7 37.6
I I
~ V t Reinf. machined off 28.9 48.8 28.4 43.7l f
I I ditto' stress relieved 24.5 16.1 49.4 27.8 42.6
Reinf. Qround off 26.8 44.5 26.3
Reinf. and mill scale
machined off • surface polished 53.9
Plain Plate Mill scale on 27.7 17.1 49.8 31.6 50.0
No Weld Mill scale machined off • 59.6surface .polished
*AveraQe for 3 or 4 Specimens
FIG.23 FATIGUE STRENGTH- 7/8" R. CARBON STEEL
(Yield· Point =34.8 ksi, Su =61. 3 ksi)
..
..
I •
I
~ .
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DETAIL A FATIGUE STRENGTH (ks i )
MATERIAL( FIG. 23) N: 105 N: 2xl06
Tri - Ten ~ 57.8 42.5
Plain Plate Tri - Ten E 55.3 40.0
Mayari - R 53.5 38.5
LongifU
e
weld Tri - Ten 45.1
Tri - Ten E 42.2
Mayari - R 47.2 28.2(Double V)
Transverse butt weld Tri - Ten 39.4 26.7to Tri - Ten E 39.4Mayari -R 38.6 26.3(Double V)
* SEE FOOTNOTE J PAGE 42. MIL 180 ELECTRODES
R=O II
FIG. 24 FATIGUE STRENGTHS OF ~4 A-242 PLATE.
DETAIL A FATIGUE STRENGTHAT 2 It 106 CYCLES
(Same as FIG. 24) A-7 A-373
Plain Plate 34.6 33.0
Longitudinal butt 26.3 26.1
weld
Transverse butt 23.8 22.5weld
E 7016 ELECTRODES
R=O
FIG. 25 FATIGUE STRENGTHS OF I It MILD STEEL
PLATE
•..
.
.
11 •
,.
FILLET FATIGUE
WELD SPECIMEN STRENGTH(ksj)
[] !i D 11.8
I : i , : ITransverse
0 iiD 14.6
• : i , :: I
QI I@ 11.4
R~ I@ 12.8
Longitudinal
Igl qp 15.6
C~ @I r7.0
c=m=J
I 3 I 9.2
Transverse ~
I ~ I 12.1
FIG. 26 FATIGUE STRENGTH AT 2 XlOti CYCLES
FOR FILLET WELDS IN ST 37 STEEL
R =-I
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..
.
, i
Sect. A-A-!
DETAIL A-FIG. 23
Sect. A-A-n
o
~
Sect. A-A-m
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FATIGE STRENGTH
Sect. (kll)TYPE OF STEEL R= -I
A-A
N= 105 N=2xIOE
Corbon I 25.8 22.8
Y.P. =34.5 ksi ]I 25.4 18.9
Su = 58.7ksi m 22.9 13.1
Alloy
I 35.3 26.4
II 31.7 23.9V.P. =59.1ksi
Su =78.9ksi m 22.2 10.1
FIG. 27 FATIGUE STRENGTHS OF TRANSVERSE
NON LOAD CARRYING FILLET WELDS
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LOAD 0 o 0 : .m[ 0 0 LOAD.. 0 00 0 0 •t.
0 00 0 0
;,
1Ft 2 ~s (f thick unless noted)
TYPICAL FILLET WELDED LINOIS SPECIMEN
(AXIALLY LOADED)
f •.
NUMBER MAX. AVERAGE
DETAIL B OF R STRESS FATIGUELIFESPECIMENS IN Ft (KILOCYCLES)
I- L
-1 4 0 +10 ksi 504
,~ t~ I' ~I L=411 2 0 -19.4 137*~~~ I '\l' I to -16.3 1581
I I Compo -10.3 376
L I" It. 2 0 + 10 703
L=IOII
I -I +16.2 19
2 0 -29.8 74to
2 Compo -25.2 193
411 3 178
4 11
w=
III It. 11
" 1111.11.11 I w=6' 3 0 +18.0 156
~:1~' !.,~ \ l ~ w=911 :3 44
'111 111111 I .....
=-IN rLi
.... 101111111 I
::::N1.,~ =CD 3 0 1'18.0 52
, I
';, -~; I '
, /11111/1" 1
-~ L I" Ft.
* Failed
in weld.
E 6010 ELECTRODES
FIG. 28 FATIGUE LIVES OF FILLET WELDED A-7 R.'s
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;, . NUMBER MAX. AVERAGE
DETAIL B OF R STRESS FATIGUESPECIMEN IN Fl LIFE (kc)
6"
... ~ ~
I'I 0 18.0 28'3
3/4"Fl
~ 6" -t
i{ - ReturnFillet 3 0 18.0 343I-
3/4"R.
~ 10-1/2
= 3 0 18.0 195en
3/4"Fl
3/4" R.
3 o 18.0 19 I
•
o.
3 o 18.0 231
3/4 Fl
E 6010 Electrodes
FIG. 28 CONTINUED
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NUMBER MAX AVERAGE
DETAIL B OF STRESS FATIGUER IN LIFE
SPECIMEN PLATE ( Kc.)
~
• 1111 I
'11E
'
V
I
+ 18.0--IN ...
,J I I 3 0 339- ,,:::I~~ 131". '/ !1t It) I'R'"~
~
I t. luil.
~ 3 0 +18.0 219~ 3 -I +12.0 58~!~J I ~I 3 o to compo -18.0 171I ,I ~ 4 0 +18.0 412 II , I JI ) (Iu I3 -I +12.0 1231M I. - R. ~2 3 o to compo -18.0 1,2817 •
-.
E 6010 Electrodes
FIG. 28 CONTINUED
..
NUMBER AVE. FA;r!~ UE STR.
DETAIL B (FIG.28) OF R
N=10 5 6SPECIMEN N=2x10
~ 5"~ 7 -I 12.3 5.7
.1
, -1] t :1 8 0 21.6 9.6I en V I 1
i I T1
I ~'rl~ 6 0.5 41.2 16.3
4
E6010 Electrodes
FIG.29 FATIGUE S'tRENGTH OF SINGLE PASS FILLET WELDED
A-373 Ills
.'
,. .
NUMBER AVERAGE FATIGUE
DETAIL B (FIG. 28) OF R STRENGTH (ksi)
SPECIMENS N= 105 N= 2x 106
Single Pass 4!1 7 -I 15.2 10.7r-1
"J>~:'~ 9 0 27.2 19.7_ 5 I-(0 m I ,~
~~ I ..
III "'" ~~ l 6 0.5 57.3 40.0~I" It. 4
Triple Pass I 4 II I First
I I Seriea 14 -I 11.4 7.8
1
~~[ I ~ I i' f' 5econd
(0 12 \ !'
" Series 9 -I 16.8 ,9.7'0:: ~ ~I
"fI .111
1.l.
Il
ll;~ 12 It. . 4
E 6010 ELECTRODES
FIG. 30 LONGITUDINAL SINGLE AND TRIPLE PASS FILLET
WELDS IN A-373 PLATES
NUMBER AVERAGE FATIGUE
DETAIL B ( FIG. 28) OF R STRENGTH ( ksi )
SPECItt£NS N = 105 N =2x106
Single Pass
a" 7 -I 16.2 11.3r 1
...... 7 0 30.3 18.5'~=~~ it. I 'f', :: I ,I
" 6 0.5 45.5 38.0r
III It. 3"
-!,4 8 otoQ)mp 33.2 25.9
Triple Pass ~ I ~11t. I"
.1'4 It. 8 -I 18.3 13.7
I.....
.... =[~ t~ I· i'V ~~ I 9 0 36.7 28.0
'"
'. I • ~
I
E 6012 ELECTRODES
FIG. 31 TRANSVERSE SINGLE AND TRIPLE PASS FILLET
WELDS IN A-373 PLATES
-97
, ,
-98
NUMBER AVERAGE FATlG~fSTRENGTH ksi
DETAIL B (FIG. 28) OF R
N = 105 6SPECIMEN N=2x10
single pass ~ 7 -I I~ I 8.9I I .., ••
I tJ j~ .. ,' 1I~ ~:~ 8 0 28.3 20.5f = ,.
'1
Ill" R. ~'R. 7 0.5 53.3 39.6
4
triple pass 411 Series~ I 9 -I 9.6 9.3•
, ·~ri f ~~t --~ Series, 2 9 -I 14.8 8.0Illf'R. I tR.~2 4
E 6010· Electrodes
FIG. 32 COMBINED LONGITUDINAL AND TRANSVERSE SINGLE
AND TRIPLE FILLET WELDED A-373 R.:S.
NUMBER AVERAGE FATIGUE
SPECIMEN OF R STENGTH (ksi)
SPECIMEN NalO S N a 2xl06
i £~7.lx~~1-3!.'/," I" 7 -I 13.3 6.271~xl'-3-4 2 8 4 2
10 ° ~[~~ ~I 9 0 19.1 9.6o 0 5 0.5 36.9 18.2
E 6012 Electrodes
FIG.33 TRANSVERSE FILLET WELDED TEE -JOINTS OF A-3731t:S
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NUMBER AVERAGE FATIGUE
SPECIMEN OF R STRENGTH (ksi)
SPECIMENS N= 105 N=2x106
12''x 1"x 1'_ 5'~ 10"x2"x 1'_27, 10 -I 26.6 17.3,
I~C I'~ 7 0 46.8 26.5.. i'l.
:: 6 0.5 57.6 40.1
121 31.8 x 1'_5'7 ..5...h.. ",,-roo-16 8 -I 7.3 5.0
....
I' f~( _~6'X2"XI'-2' 9 0 18.9 14.9
..,
6 0.5 30.1 23.3i\~~
E-6010 ELECTRODES
FIG. 34 FATIGUE STRENGTH OF MOMENT RESISTING FILLET
WELDED A-373 STEEL
---
e
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FIG. 35 FATIGUE LIMIT OF PLATES WITH TRANSVERSE
FILLET WELDS.
-100
FILLET FATIGUE LIMIT
SIZE (stress in plate)
0.51" 10 to II ksi
0.71" 12 to 13 ksi
'.
!
'f!
. .
,
t-
FIG. 36 FATIGUE LIMIT OF FI~LET WELDS
FATIGUE
SPECIMEN STRENGTH %
Cksi)
I I II. 4 100
• •
I 5.7 50
• •
, 6.4 56
i : I I : , 2.1 18
I gg I 1.8 16
I 00 I 4.6 40
I 00 I 6.7 59
FIG. 37 FATIGUE STRENGTH OF WELDED MILD STEEL
N=2x106
R= -I
AVERAGE FATIGUE
SPECIMEN STEEL ELECTRODE STRENGTH (ksi)
N=105 N=2x106
2xlx7
• 3 , A-7 25.7 12.2
7X~ xI6 . E7016
I~ ~ ~£>~3 ~I A-242 23.0 12.3o 0
R=O
FIG. 38 FATIGUE STRENGTH OF FILLET WELDS
AVERAGE
DETAIL 8 (FIG.28) STEEL ELECTRODE FATIGUESTRENGTH
3" 8"
-fl., I I4 I1 I~
I u,[ ~ r-- I A-242 Mil 180 22.4 ksi
, ~ II
i 1l!...1.fl
I 4
R=O
FIG. 39 FATIGUE STRENGTH OF LONGITUDINAL FILLET WELDS
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SYMBOL NATION STEEL CODE
U.S.A. A-7 AWS ( 1956)
--------- GREAT BRITAIN BS-15 85-153 (1958)
----- WEST GERMANY ST-37 DV-848 (I955)
------ USSR ST-3 TUPIM -SV-S5(955)
FIG. 40 PERMISSIBLE STRESSES FOR BRIDGE MEMBERS
WITH FILLET WELDED JOINTS
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FIG. 41 TYPICAL FILLET WELDED
FATIGUE SPECIMENS
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Jl R = 0
FIG. 4 2 FATIGUE OF BEAMS
FATIGUE RATIO RATIO
STRENGTH OF OF
SPECIMEN AT SECTION MOMENl2xl08cycie CAP1AT
(ksi). MODUL. 2x10eve:.
Rolled Section
! !
eJ"'12 1 31.&~ 31.2 1.00 1.00
31-9 J 11-0 ~ 31-9 .1
-I
-. &~6
Built- Up Section
I" 17. 2 1.72 0.95f =-
Web:12x7116 &
-r;zFlanges:7x5/&
Stiffeners:3x3/& ~II 16.6 1.72 0.92
- 21-0-j..1~0 1-2~O--4 f=
5~0 16
Coyer Plates 3~ ~n! ! Top 4)(16 22.8 1.70 1.24Bott6x38
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FIG. 44 BENDING FATIGUE OF A-373 BUILT - UP BEAMS
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FIG. 49 FATIGUE STRENGTH OF STIFFENED
BUILT-UP BEAMS (Ref. 2)
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stiffener.
~,
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I I
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FIG. 50 FATIGUE LIVES OF VARIOUS TYPES OF STIFFENERS
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FIG. 52 FATIGUE STRENGTH OF WELDED BEAM
CONNECTIONS AT 1,000,000 CYCLES (R=O)
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